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A compact and largely mobile molecular state containing native-like secondary structure and hydrodynamic radius, but a dynamic tertiary structure is recognized as molten globule (MG) state (13) . From the classical perspective of protein folding, the MG state has been referred to as the third thermodynamic state of proteins, the native and the unfolded states are the other two (1) . On the basis of structural and kinetic studies, it has been proposed that MG state is a major intermediate in protein folding (38) . Theoretical and computer simulation studies of protein folding also detected MG-like intermediates that occur very late in the folding course (9) . It is now generally believed that the MG state typically occurs in the late stages of folding (2, 3, 1013) , although MG intermediates have also been temporally detected in the early stages of folding of several proteins (6, 1416) .
MG state is important for the functioning of proteins in living cells (17) and is involved in various processes at cellular level, for example, the interactions of the proteins with chaperones and membranes. Thus, the study of the MG state continues to be a thrust area in experimental protein research. However, the MG states are difficult to study under normal folding conditions at neutral pH because of their transient lifetime. The salt-induced conformational changes of acidand base-induced unfolded proteins were widely studied and indicate anions and cations stabilize the acid-and base-denatured states (i.e. A and B states), respectively to MG states (1, 3, 1823) .
Guanidine hydrochloride (GdnHCl) is one of the most powerful destabilizing salts commonly used to unfold native proteins. The effects of GdnHCl on protein stability are particularly complicated due to its ionic character. Therefore, a basic premise of the work is to examine the effect of ionic nature of GdnHCl on transformation of protein states. The exact mechanism by which GdnHCl acts upon proteins is still not clear. The ionic nature, and hence Coulombic effects and chaotropic effect of the denaturant needs to be elaborated using a large number of proteins. There have been many cases reported where low concentrations of GdnHCl can stabilize proteins by committing GdnH þ and Cl À ions to screen chargecharge interactions in the native state of the protein (2427). At lower concentrations of GdnHCl, the GdnH þ ions also contribute to the native protein stability through more general but less discussed mechanism called protein stiffening (2527). According to this, the interaction of GdnH þ with the protein atoms by multiple non-covalent bonding leads to constraints on side-chain and main-chain dynamics in different parts of the protein and thus stabilizes the protein entropically (2527). However, there are fewer reports with reference to the effects of GdnHCl on the MG state of the proteins (28, 29) . The pioneering work by Goto and coworkers (28) has shown that GdnHCl at low concentrations (51 M) refolds and stabilizes the acid-denatured proteins to MG states. Along the same line, we have studied the effect of GdnHCl on the base-denatured CO-liganded ferrocytochrome c (ferrocyt c) (carbonmonoxycyt c) and found that GdnHCl at low concentrations ( 0.2 M) also refolds and stabilizes the base-denatured carbonmonoxycyt c to MG state.
In the native state, the heme iron of cyt c is axially coordinated by H18 and M80. At high pH, the M80 ligand to the iron in ferricyt c is replaced by non-native lysyl "-amino group (30) , while in case of ferrocyt c, the Fe 2þ -M80 contact persist even under extreme alkaline pH conditions (31) . In strongly basic medium, the ligation of the lysyl "-amino groups with the heme iron can compound the heme misligation problem (21) , especially when the pH difference between the initial and final solutions affects the side-chain ionization. The non-native heme ligands do not interfere with inherent accelerated folding of ferrocyt c (32, 33) , so this study uses ferrocyt c for which the requirement for MG stabilization by itself abolishes the aforesaid ligation-related problems (19) . Also, the experiments with ferrocyt c can be best performed at neutral to alkaline range of pH because low pH enhances auto-oxidation of the ferrous heme. Aqueous stability of ferrocyt c is extremely high ($18 kcal mol À1 at 25 C) and it hardly denatures even at the extreme of basic pH. To suppress the excessive stability of the protein, we test-tube engineered the protein by liganding the Fe 2þ of heme with extrinsically added CO at pH 12.6. Under these conditions, the protein was fully denatured.
It is well known that the Cl À arising from NaCl and GdnHCl refolds and stabilizes the acid-denatured protein to MG states by a charge screening mechanisms (28) . We recently showed that the Na þ arising from NaCl also transforms the alkali-denatured ferricyt c and carbonmonoxycyt c to MG states (1922) . In this article, we show that the GdnH þ arising from GdnHCl ( 0.2 M) also transforms the base-denatured carbonmonoxycyt c to MG state by making the electrostatic interactions to the negative charges of the protein. In addition, we have also compared the GdnH þ -induced alkali MG state with the already known Na þ -induced alkali MG state in terms of molecular compactness, secondary (a-helices) and tertiary structures content, conformational and thermal stabilities and also the restricted overall dynamics. The results obtained from this work suggest that the GdnH þ -induced MG state of the base-denatured protein is somewhat less stable when compared with the Na þ -induced MG state.
Materials and Methods
Horse heart cyt c (type VI) was from SigmaAldrich. GdnHCl was from USB. Sodium dithionite was purchased from Merck. Other chemicals were from Sigma or Aldrich. Experiments were done in strictly anaerobic atmosphere at 25 C, pH 12.6À13.0 using NaOH with or without 12 mM 3-[cyclohexylamino]-1-propanesulfonic acid (CAPS). All the experiments were completed within 2 h of exposing the protein to high pH.
pH titration of ferrocyt c in the presence of CO For pH unfolding studies, an $10 mM solution of cyt c, prepared in an aqueous medium containing 10 mM each of Tris, disodium hydrogen phosphate and CAPS, was titrated to different pH values in the 713.2 range by the use of NaOH. The titration did not upset the uniformity of the protein concentration. Samples were deaerated by using nitrogen gas and reduced by adding a small volume of freshly prepared dithionite to obtain a final concentration of 23 mM. The dithionite-reduced samples were saturated with CO by passing a slow stream of the dry gas through the solutions for a minute. They were then incubated for $30 min in tightly capped glass tubes. Fluorescence emission spectra (ex: 280 nm) were recorded on Perkin Elmer LS-55 fluorescence spectrophotometer. Optical absorption spectra were recorded in a Shimadzu (UV-2450) spectrophotometer. The pH titration curves were analysed using the following transformed HendersonHasselbalch equation,
where, c u and c f are normalized fluorescence signals for the unfolded and the refolded state, respectively, n is the number of OH À ions titrated and c m is the pH-midpoint for the transition.
Equilibrium unfolding measurements
For equilibrium unfolding measurements of ferrocyt c and carbonmonoxycyt c, the protein concentration was $10 mM. Stock solutions of the buffer (2 mM CAPS and pH 12.6) and the unfolded protein (45 M GdnHCl, 2 mM CAPS and pH 12.6) were mixed appropriately to obtain protein samples containing different concentrations of denaturants. To prepare ferrocyt c, solutions were exhaustively deaerated under nitrogen before the addition of a small volume of concentrated aqueous solution of sodium dithionite to obtain a final reductant concentration of 13 mM. The samples were sealed under nitrogen and equilibrated for $30 min at 25(AE1) C. For equilibrium unfolding measurement of carbonmonoxycyt c, the dithionite-reduced samples were saturated with CO as described above. Fluorescence emission spectra (excitation at 280 nm) were taken in a Perkin Elmer LS-55 fluorescence spectrophotometer; pH of samples were checked before and after measurements. The concentrations of the GdnHCl solutions before and after measurements were determined by refractive index measurements (34) on an Abbe refractometer. The accuracy of the GdnHCl concentration obtained with the Abe refractometer is about AE0.005 M.
Near-UV circular dichroism-monitored tertiary structure in the presence of GdnHCl and NaCl
Titrations of cyt c with GdnHCl in the 04.0 M range were performed at pH 12.6, 25 C and were monitored by near-UV circular dichroism (CD). For comparison, the near-UV CD spectra of native cyt c (pH 7) in the presence of 0.2 M GdnHCl and base-denatured cyt c (pH 12.6) in the presence of $0.2 M NaCl were also collected. Protein concentration was $80100 mM. The CD spectra were recorded in a Jasco J710 spectropolarimeter. The final concentrations of the GdnHCl solutions were determined by refractive index measurements (34) .
FTIR spectroscopy
IR spectra were measured using Nicolet iS10 FTIR spectrometer. The native (pH 7) and base-denatured protein (pH 12.6) samples containing a desired concentration of GdnHCl or NaCl were loaded in an IR cell with CaF 2 windows and a 7.5-mm polyimide spacer (Chemplex). For each spectrum, a 130-scan interferogram was collected in a single beam mode with a 4 cm À1 resolution. The protein spectra were recorded according to the method described earlier and water subtraction procedures (35, 36) . The problem of water absorption was limited by using an IR cell of sufficiently small path length (7.5 mm) to permit IR radiation to pass through the material under observation. We recorded the reference spectra under identical scan conditions with the media in which the protein was dissolved using the same cells. Therefore, the water/solute (GdnHCl) contribution was removed from the spectrum of the protein solution by digital subtraction. We thus obtained a straight base line from 2000 to 1750 cm À1 which ensures the success of water subtraction (37, 38) . To obtain a second-derivative spectra, a seven-point SavitskyGolay derivative function was used. The intensity of the a-helices band was calculated as a difference in the second-derivative spectra between the negative peak at maximum and the baseline (39) . The values of relative intensities were normalized using the intensity value measured at pH 12.6, 0.2 M GdnHCl as 100%.
NMR spectroscopy
NaCl-or GdnDCl-containing D 2 O solutions of 1 mM cyt c, the backbone amides of which were pre-exchanged, were adjusted to the pH meter reading of 13.0(AE0.1) by adding NaOD. Protein solutions contained in NMR tubes were then sealed with sleeved rubber stoppers and equilibrated at 25 C for $10 min. Spectra were taken at 25 C in a 500 MHz Bruker Avance (III) spectrometer. Spectra were analysed using Topspin 2.1 software.
Kinetic measurements of the association of CO
The procedure for these measurements has been described earlier (19, 26) . Briefly, cyt c (1 mM) dissolved in aqueous NaOH, pH 12.6(AE0.1) is deaerated and reduced by adding sodium dithionite (2 mM). A small volume of ferrocyt c solution ($25 ml) was mixed rapidly with a 2 ml of CO-saturated CAPS buffer (pH 12.6) containing $2 mM dithionite and a given amount of GdnHCl. The CO association kinetics of ferrocyt c were followed at 550 nm (dead time $5 s) at a peltier-controlled temperature of 25 C in a Shimadzu (UV-2450) spectrophotometer. The CO association kinetics were also monitored by measuring the decay of the peak height at $3.26 ppm (M80 C " H 3 resonance) following the addition of a small volume of the protein solution to a CO-saturated aqueous solution containing the desired amount of GdnHCl or NaCl at 25 C.
Thermal unfolding
These experiments involved temperature-dependent CD (aromatic band 282 nm) measurements. Cyt c concentration was 70 mM. The protein was held at pH 12.7 in the presence of variable GdnHCl and NaCl concentrations. Peltier-controlled heating and cooling rate was 0.5 C/min.
Laser photolysis and microsecond measurements
Fifteen micromoles of cyt c solutions, prepared in aqueous NaOH containing GdnHCl in the 04 M range, pH 12.7(AE0.1), were deaerated and reduced by the addition of 2 mM sodium dithionite, and incubated for $15 min at 25 C under saturating concentration of CO gas in 1 cm 2 quartz cuvettes. CO photolysis was achieved by irradiation with 50(AE10) mJ pulses of the second harmonic output (532 nm) of a Spectra Physics Q-switched Nd/YAG laser (10 Hz). Spectral changes following each photolysis pulse were recorded with a pulsed Xe lamp. The monochromator was set to 421.5 nm. The basic configuration of the instrument is based on the Applied Photophysics laser flash photolysis spectrometer. The sample temperature was maintained by using an external circulating water bath.
Results
CO binding to the ferrocyt c at alkaline pH unfolds the protein Figure 1 shows the Soret band (Fig. 1a) and visible absorption spectra (Fig. 1b) of native ferrocyt c (pH 7), alkaline ferrocyt c (pH 13) and base-denatured CO-liganded ferrocyt c (in the absence and presence of GdnHCl, pH 13) at 25 C. The Soret band (417 nm; p ! p* transition) of alkaline ferrocyt c blue shifts to 415 nm in the presence of CO (Fig. 1a) , indicating ligand binding and production of a homogeneous population where the sixth axial site of the heme is occupied by CO (33) . In general, CO binding to ferrocyt c causes both a-and b-bands (549 and 520 nm, respectively) to broaden and red shift with a large fall in the extinction coefficient of the a-band (33). It is clear from Fig. 1b that the extinction coefficient of the a-band decreases considerably both in the presence and absence of GdnHCl which indicates the ligation of CO to the heme. Notably, both the Soret band and visible absorption spectra of base-denatured CO-liganded ferrocyt c are almost indistinguishable in the absence and presence of GdnHCl ($5 M GdnHCl) (Fig. 1a and b) . Figure 1c shows fluorescence-monitored pH titration curves of ferrocyt c in the absence and presence of CO. In the absence of CO, the ferrocyt c remains folded under extreme alkaline conditions (pH 13) while in the presence of CO, it is steadily unfolded (Fig. 1c) . The pH midpoint for unfolding in the presence of CO is $12.2. Figure 1d shows the same titration monitored by optical density at 551 nm. The results are almost same, except that the pH midpoint of the CO-induced unfolding transition appears nearly at 11. Alkali-denatured carbonmonoxycyt c and its molecular compaction in the presence of guanidinium ( 0.2 M) and sodium cations Fluorescence emission intensity because of the lone tryptophan W59 provides a reliable marker of molecular compactness of cyt c. Native cyt c is fluorescence silent due to excitation energy transfer from W59 to the heme (42) . The MG state is thought to be almost as compact as the native state (1). Unfolding results in an increase in the hemetryptophan distance due to molecular expansion leading to a significant increase in fluorescence quantum yield (42, 43) . The emission spectra in Fig. 2a provide three important informations. (i) The emission max values for the basedenatured carbonmonoxycyt c (called U B state, spectrum 4) and the denaturant-unfolded carbonmonoxycyt c at pH 7 (called the U state, spectrum 6) are 361.5 and 368.5 nm, respectively. The $7 nm blue shift observed for the U B state suggests that W59 is in a relatively apolar surrounding, shielded from water. Remarkably, the emission intensity at pH 13 is at least 2.3-fold less relative to that at pH 7. This is possibly due to either quenching by hydroxyl ions or ionization of the phenolic hydroxyl group of tyrosine at alkaline pH. Further, when U B is unfolded in the presence of 4.5 M GdnHCl, the emission intensity is found to be 1.2-fold less (spectrum 5) than the emission intensity of U-state (spectrum 6). However, the max shifts to 366.5 nm. In spite of these effects of alkaline pH, the total observed fluorescence could still be used as a reliable marker of molecular compaction of alkaline carbonmonoxycyt c, because it is interesting to know if the emission is quenched, presumably because of increasing proximity of the fluorophores and the heme as the concentration of guanidinium ( 0.2 M) and sodium cations increases in the medium. (ii) Figure 2a also shows guanidinium ( 0.2 M) and sodium cations driven molecular compaction of base-denatured carbonmonoxycyt c. The decrease in fluorescence emission due to W59 indole at $0.2 M GdnH þ (spectrum 3) or at $0.2 M Na þ (spectrum 2) concentration arises because molecular compaction brings W59 within the quenching proximity of the heme. Furthermore, in the presence of $0.2 M GdnHCl or NaCl, the max of U B -state shifts to a longer wavelength showing a max at 368 nm. This indicates that W59 in the compact protein is relatively more exposed to water. The U B state is denatured but still compact, and the MG state is relatively more compact in accordance with the concept of chain compaction accompanying formation of the MG state from the U B state. The anti-Stokes shift of $6 nm (361.5 ! 368 nm) accompanying U B ! MG transition implies relocation of W59 indole into a relatively less polar surrounding, due perhaps to a change in the ionic strength of the medium made by GdnH þ . The U B ! MG transition is a chain compaction process; nevertheless, it does not necessarily restrict the indole to the apolar interior. Thus, the inference of more compactness of the MG state relative to the initial U B state is unambiguous. (iii) It is also noticed that the molecular compaction of base-denatured carbonmonoxycyt c by 0.2 M Na þ (spectrum 2) is slightly higher than that of 0.2 M GdnH þ (spectrum 3). The native state spectrum of carbonmonoxycyt c at pH 7 is of course fully quenched (Fig. 2a, spectrum 1 ).
GdnHCl-induced stabilization/folding and unfolding of the base-denatured state Figure 2b shows the fluorescence-monitored GdnHCl titration of base-denatured carbonmonoxycyt c at pH 12.6. Contrary to expectation, a remarkable behaviour is observed: as the concentration of GdnHCl in reaction medium is increased, the fluorescence intensity initially decreases in a sharp cooperative manner (Fig. 2b) , and then it increases relatively monotonously displaying a very weak unfolding transition (Fig. 2b) . GdnHCl-induced initial refolding transition (i.e. U B ! MG transition) of base-denatured protein can be explained by the effects of GdnH þ arising from GdnHCl, which binds to the negative charges of the protein, thus shielding the unfavourable repulsive forces.
The number of GdnH þ ions associated with the GdnHCl-induced refolding transition can be estimated for a model by assuming that the MG state interacts preferentially with the GdnH þ ions and the binding constants for interaction of these cations with different binding sites offered by the MG state are comparable (44) . The nonlinear least-squares fitting of the initial folding transition data (Fig. 2c ) to the expression (2) calculated from (Fig. 2b) because the stabilizing effect of the GdnH þ ions is over-run by its own unfolding action. The unfolding transition, MG Ð U is apparently shallow (Fig. 2b) . The GdnHCl titration data were fit to (29) , The loss of 282-nm CD signal of the base-denatured protein with increasing concentration of GdnHCl up to 0.2 M is an indication of the U B ! MG transition (Fig. 2f) . The nonlinear least-squares fitting of the U B ! MG transition data (Fig. 2f) to Equation (2) yields Án ¼ 1.5, K b ¼ 300 M À1 and K ¼ 2.96. At 25 C, the value of K corresponds to the free energy of 0.65 kcal mol À1 . The presence of a small amount of GdnHCl in alkali solutions obscured the peptide signals (CD 222 nm) due to an elevation of the HT voltage, therefore, the refolding transition for alkali-denatured carbonmonoxycyt c were verified by FTIR spectroscopy. Correlations between the amide I band positions and the secondary structure in proteins have shown that the band centred at 1654 cm À1 corresponds to that of a-helices; 1629 cm À1 to the b-extended structure; 1675 and 1686 cm À1 to b-turns and a component at 1645 cm À1 to the disordered random coils (48, 49) . It has been reported that when pH is changed from 7 to 11, the amide I peak shifts from 1654 to 1648 cm
À1
accompanied by an intensity loss (50) . Figure 3a presents the second-derivative amide I spectra of the native protein (pH 7) and the base-denatured protein (pH 12.6) at 0.0, 0.2 and 4.5 M GdnHCl, and 0.3 M NaCl. The intensity of a-helix band that centred at 1648 cm À1 is extremely sensitive to changes in GdnHCl or NaCl concentration of the solution. At $0.2 M GdnHCl or $0.3 M NaCl, the a-helices of the base-denatured protein were significantly refolded (Fig. 3a) , which is evidenced by an increase in intensity of the a-helices band (39) . However, it is important to note that the a-helices intensity of Na þ -induced MG state of base-denatured protein is slightly less when compared with the native state but it is somewhat more than that of GdnH þ -induced MG state (Fig. 3a) . Furthermore, the a-helices band of the MG states (1648 cm
) has a lower frequency than that of the native state (1654 cm À1 ). Figure 3b shows a plot of the relative intensity change at the 1648 cm À1 band (a-helices) of base-denatured protein as a function of GdnHCl concentration.
NMR spectral features of alkali-denatured ferricyt c in the presence of GdnHCl and NaCl 1 H NMR can be used to characterize MG state having increased internal mobility and side-chain environmental averaging (1, 4) . Selected regions of the basic NMR . The values of relative intensities were calculated using the a-helix band intensity at 1648 cm À1 measured at pH 12.6, 0.2 M GdnHCl as 100%.
R. Jain et al. spectra presented in Fig. 4 reveal these properties. For the native state of ferricyt c (pH 7, no salt), the resonances are narrow and well dispersed (Fig. 4a  (spectrum (i) ) and b (spectrum (i))). Whereas for the base-denatured state of the protein (pH 13, no salt), both the chemical shift dispersion and line shape are substantially lost (Fig. 4a (spectrum (iv) ) and b (spectrum (iv))). However, the spectrum in the presence of $0.3 M NaCl (Fig. 4a (spectrum (ii) ) and b (spectrum (ii))) or $0.15 M GdnHCl (Fig. 4a (spectrum (iii) ) and b (spectrum (iii))) resembles to that of the base-denatured protein but the resonances are a little sharper (5154). Relative to resonances in the nativestate spectrum (Fig. 4a (spectrum (i) ) and b (spectrum (i))), the resonances in the NaCl-and GdnHCl-induced MG states spectra ( (Fig. 4a (spectrum (ii) ) and b (spectrum (ii))) and (Fig. 4a (spectrum (iii) ) and b (spectrum (iii))), respectively) are broad all over the aliphatic and aromatic regions. The finding that the GdnHCl-or NaCl-induced MG state resonances are still not markedly broad like that of the base-denatured state of the protein (pH 13, no salt) suggests that the MG state interrogated here is perhaps not excessively mobile and carries some traces of rigid tertiary structure involving both aliphatic and aromatic side chains.
GdnHCl-and NaCl-dependent kinetics of association of CO to alkaline ferrocyt c indicates that the MG state is stiff and dynamically constrained Ferrocyt c can be driven to bind CO under mild destabilizing conditions when the CO is used in saturating concentration ($1 mM) (19, 33, 55) . Intramolecular thermal collisions provide the energy for barrier crossing in the CO association reaction (i.e. ferrocyt GdnHCl-induced MG state of base-denatured protein c þ CO ! carbonmonoxycyt c) and the rate coefficient for CO association reaction, k ass is expected to decrease if the amplitudes of thermal fluctuations are reduced as a result of constraints on the collective modes of intramolecular motion (26, 27) . Figure 5a typifies the kinetics of the CO association reaction of alkaline ferrocyt c by monitoring the decrease in absorbance at 550 nm following the addition of a small volume of the protein solution to a CO-saturated aqueous alkaline solution (pH 12.6) containing $0.03 M GdnHCl at 25 C. Figure 5b shows the kinetics of the single phase CO association reaction of native ferrocyt c by same method at pH 7, 0.75 M GdnHCl and 25 C. The CO association kinetics results are well described by a monoexponential decay function and are consistent with a time constant, ass of $6.9 min at pH 12.6 and $31 min at pH 7. Figure 5c shows the CO association kinetics of native ferrocyt c by monitoring the decay of the peak height at $3.26 ppm (M80 C " H 3 resonance) following the addition of a small volume of the protein solution to a CO-saturated aqueous native solution (pH 7) containing $2.9 M GdnHCl at 25
C. This NMRmonitored kinetic trace is fitted well to a monoexponential decay function with a time constant, ass of $20.5 min. Figure 5d shows the GdnHCl-induced unfolding transition of alkaline ferrocyt c (pH 12.6) at 25 C. is observed when the rate of CO association is measured for alkaline ferrocyt c in the absence of NaCl (Fig. 5e) . The rate-[GdnHCl] data in Fig. 5e provide an opportunity to analyse the dynamical behaviour associated with the transitions from base-denatured state to the GdnHCl-induced MG and unfolded states. When going from 0.0 to 0.2 M GdnHCl, the value of k ass decreases 2(AE0.3)-fold and increases thereafter. The decrease suggests that at low GdnHCl concentrations ( 0.2 M), GdnH þ ions tend to block association of CO to ferrocyt c. The increase in rate coefficients40.2 M GdnHCl can be interpreted to arise from MG state destabilization and structural unfolding that would facilitate CO association process.
Inset of Fig. 5e shows the NaCl-dependent variation of k ass for alkaline ferrocyt c at 25
C. As NaCl concentration is increased, k ass decreases monoexponentially and plateau at $0.2 M NaCl. Clearly, the internal dynamics of the Na þ and GdnH þ ( 0.2 M) ions-induced MG states are substantially constrained with respect to base-denatured and unfolded states. To investigate these aspects further, we have determined the GdnHCl and NaCl dependence of the activation enthalpy and entropy of the CO association process. If the alkali-denatured protein is indeed stabilized at some concentration of GdnHCl or NaCl, then the energy barrier for CO association at that GdnHCl or NaCl concentration will be relatively higher. The analysis is based on the thermodynamic formulation of the conventional transition state theory, with the assumption that GdnHCl or NaCl has no effect at the transition state level. Any decrease in the entropy of the reactant state (ferrocyt c þ CO) must be compensated by an increase in the activation enthalpy of the CO association reaction. This follows from
where v is the vibrational frequency, and H ass and S ass are changes in enthalpy and entropy, respectively, between the reactant and transition states. By comparing Equation (4) with the Arrhenius expression, k ass ¼ Aexp(ÀE a /RT), where A is the front factor and E a is the activation energy, the following equalities are obtained. Figure 6a shows the Arrhenius plots for the CO association reaction of alkaline ferrocyt c in the presence of $0.0, 0.2 and 3.5 M GdnHCl. For comparison, the Arrhenius plots for the CO association reaction of alkaline ferrocyt c (pH 12.6) in the presence of $0.2 M NaCl and $0.2 M GdnHCl are shown in Fig. 6b . Fig.  6b also shows Arrhenius plot for the CO association reaction of native ferrocyt c (pH 7) in the presence of $0.2 M GdnHCl. The activation energies and frequency factors are listed in Table I . The data in Table I clearly show that in the presence of $0.2 M GdnHCl or 0.2 M NaCl, the activation energy for the CO association reaction of alkaline ferrocyt c increases. We attribute this to reduced motional freedom in the MG state relative to that in the base-denatured and unfolded states (E a ¼ 19.2(AE0.3), 22.0(AE0.3) and 12.9 kcal mol À1 for the base-denatured, GdnH þ -induced MG and unfolded states, respectively). In terms of internal dynamics, the GdnH þ -induced MG state is more constrained relative to that of the base-denatured and unfolded states but less constrained relative to the Na þ -induced MG state (E a ¼ 22.8 kcal mol À1 , Fig. 6b ) and native state (E a ¼ 25 kcal mol À1 , pH 7, Fig. 6b ). The quantity ÁS ass defined as conformational entropy loss for the base-denatured protein in the presence of GdnHCl relative to the entropy of the base-denatured protein in the absence of denaturant was calculated according to (26, 27) 
Here, A ref and A x are the Arrhenius front factor for temperature dependence of the reactions in the absence and the presence of x concentration of GdnHCl. ÁS diss is expressed in Boltzmann units (k B ). An increase in conformational entropy loss at $0.2 M GdnHCl ( Table I ) clearly shows that the decrease in CO association rate of alkaline ferrocyt c is due to entropic stabilization of the base-denatured protein by GdnHCl. The substantial reduction in amplitudes of thermal motions in the presence of low concentrations of GdnHCl conceivably reduces the magnitude of global GdnHCl-induced MG state of base-denatured protein or subglobal unfolding motions and is termed as 'protein-stiffening effect' that stabilize structure by lowering the conformational entropy of the system (25, 26) .
pH and GdnHCl dependence of intrapolypeptide diffusion rates of base-denatured carbonmonoxycyt c When CO is photolyzed from base-unfolded carbonmonoxycyt c (pH 13), the side chains of the methionine (M65 and M80) and histidine (H26 and H33) residues make transient contacts with the heme iron via the vacant coordination site of the Fe 2þ (5658). The coordinates of amino acids to the heme iron are same at both alkaline and neutral pH because the side chains of the methionine (M65 and M80) and histidine (H26 and H33) residues also make transient contacts with the heme iron when the CO is photolyzed from denaturant-unfolded carbonmonoxycyt c at pH 7 (58, 59) . Bimolecular CO recombination restores the initial state at longer times. When the intrapolypeptide ligand say M binds to the Fe 2þ of heme, this binding process involves first diffusive motions of the two contacting sites at a rate of k þM to produce a hemeligand contact loop (58, 59) . The side chain of the contacting residue M can now form a bond with the Fe 2þ of heme at a rate k þb or diffuse away at a rate of k À . The binding of M to the Fe 2þ of the heme can be depicted as below (59) . The steady-state approximation then gives the overall rate of binding, k þM ,
Since the covalent binding, as approximated by the geminate rate (tens of nanoseconds) occurs very rapidly compared with chain diffusion that takes microseconds, so one can say
Thus, the calculated values of ligand contact rates are actually the diffusion rates.
The intrapolypeptide diffusion rate of the contacting sites in a random coil configuration depends on the mean-squared distance between them (60). Thus, the rate(s) of hemeligand contact formation measured by CO photolysis from carbonmonoxycyt c can provide information about polypeptide compaction or expansion. Figure 7a presents a typical kinetic trace showing changes in 421.5 nm absorbance at pH 12.7 in the 75 ns to 30 ms time range after CO photodissociation in the presence of 0.1 M GdnHCl. The data are best described by a two-exponential fit with relaxation times of 1 & 320 ns and 2 & 3.5 ms. Bimolecular CO recombination that sets in after 50 ms is of no interest here. According to earlier studies (5759), the fast and slow phases ( 1 and 2 , respectively) are assigned to transient binding of methionines (M80 and M65) and histidines (H26 and H33) to the heme iron of the photoproduct. Figure 7b shows the pH dependence of the two observed rate constants, namely 1 and 2 of the denaturant-unfolded carbonmonoxycyt c at 25 C. When pH is increased from 7.0 to 13, both 1 and 2 initially remain almost constant up to pH $11 and then gradually increase (Fig. 7b) . Figure 7c shows the GdnHCl dependence of the two observed rate constants, namely 1 and 2 . In a two-state approximation, 1 ¼ k þM þ k ÀM and 2 ¼ k þH þ k ÀH , where the subscripts M and H refer to methionines and histidines, respectively. Under strongly refolding conditions (51 M GdnHCl), the ratios k ÀM /k þM and k ÀH /k þH do not vary considerably (57) , thus 1 ¼ a 1 k þM and 2 ¼ a 2 k þH , where a 1 and a 2 are constants. The GdnHCl dependences of 1 and 2 should then provide qualitative estimates of the distance between two intrachain residues that make contact by diffusion. As shown in Fig. 7c , both 1 and 2 respond little to the presence of GdnHCl in the 00.2 M range. This observation has two implications. (i) Under mild denaturing conditions, the chain contraction events within the initial relaxed state are not associated with any substantial surface burial, implying little structure formation. (ii) The diffusive motions of the incipient polypeptide are only marginally affected at low denaturant concentrations ( 0.2 M). This is presumably because (i) the intrachains diffusion of methionines (M80 and M65) ( ¼ 320 ns) and histidines (H26 and H33) ( ¼ 3.5 ms) are extremely fast, and (ii) the intrachains diffusion occurred with the incompletely relaxed heme. Therefore, even if a molecular compaction occurred in the GdnHCl-induced MG state of the base-denatured protein (Fig. 2ac) , the marginally affected diffusive motions of the incipient polypeptide ( 0.2 M GdnHCl) are not sufficient to differentiate the distances of separation of the ligands from H18 in the base unfolded and the MG state.
Temperature dependence of intrapolypeptide diffusion rates of base-denatured carbonmonoxycyt c In a two-state approximation, 1 ¼ k þM þ k ÀM . With the assumption that k ÀM /k þM is not strongly temperature dependent in the 295315 K range (59), 1 ¼ c 1 k þM and 2 ¼ c 2 k þH , where c 1 and c 2 are constants. The temperature dependences of 1 and 2 then provide estimates of the enthalpic barriers to chain contractions. Figure 7d shows these plots for $0.2 M GdnHCl (strongly refolding condition) and 3.5 M GdnHCl (strongly unfolding condition). Values of activation barriers, E a ¼ Àq (ln)/q(1000/T), in the order of methionine-and histidine-associated contractions, are 11 AE 3 and 26 AE 7 kcal mol À1 , respectively, in the presence of 0.2 M GdnHCl, and 6.6 AE 1.8 and 12 AE 3.3 kcal mol À1 , respectively, in the presence of 3.5 M GdnHCl. Thus, the enthalpic barrier increases nearly 2-fold on going from strongly unfolding to strongly refolding conditions. In contrast, the chain diffusion rates also increase under refolding conditions (57) . This implies a role of entropy in the intrachain contraction processes, and since the chain entropy decreases under strongly refolding conditions, it must be the solvent entropy that plays a positive role towards the chain diffusion.
Thermal unfolding of the base-denatured protein in the presence of guanidinium ( 0.2 M) and sodium cations To determine the thermal stability of Na þ -and GdnH þ -induced MG states, the thermal denaturation curves of base-denatured cyt c were recorded (CD 282 nm) in the presence of variable concentrations of GdnHCl and NaCl. Figure 8a shows that the 298 K spectrum of the MG state (0.3 M NaCl) retains pretty much native-like CD signals in the aromatic ellipticity band. However, the two negative peaks at 282 nm and 289 nm that arise from the tyrosyl side chains observed clearly in the native state of protein (61, 62) are not fully retained in the spectrum of Na þ -induced MG state of the base-denatured protein (Fig.  8a) . Signal intensity of the Na þ -induced MG state spectrum of the base-denatured protein at 298 K is gradually removed by decreasing NaCl concentration, exemplified by the spectra observed in the presence of 10 mM NaCl. Notably, at $353 K the base-denatured protein (pH 12.7) in the presence of $0.0 and 0.3 M NaCl is unfolded (Fig. 8a) .
To find out that the temperature-induced changes in the CD signal are reversible, the solution of ferricyt c at 10 mM NaCl (pH 13) was heated up gradually from 277 to 320 K (Fig. 8b) . The same values of CD were traced when the sample was cooled down from 320 to 277 K. Thus, thermal denaturation of base-denatured protein À1 , respectively), and k þM (filled triangles) and k þH (filled inverted triangles) in the presence of 3.5 M GdnHCl (E a ¼ 6.6 AE 1.8 and 12 AE 3.3 kcal mol À1 , respectively).
GdnHCl-induced MG state of base-denatured protein shows substantially reversibility (Fig. 8b) , hence, some of the basic principles of equilibrium thermodynamics can be used to interpret the thermal denaturation data. The thermal unfolding was found to be irreversible when heated4320 K. This might be attributed to aggregation of the heat-unfolded chains. However, 320 K would appear sufficient for substantial unfolding of the MG state (Fig. 8) , allowing one to rely on equilibrium thermodynamics for data interpretation. Because the low-temperature ellipticity values are dependent on GdnHCl (Fig. 2e) and NaCl concentrations (Fig. 8a) but the high-temperature ones are not (Fig. 8a) , therefore, the CD data were normalized according to
where, obs is the observed ellipticity, T is the temperature, m 1 and 1 are the slope and intercept, respectively, of the pretransition baseline for the 2.0 M NaCl curve, and m 2 and 2 are the slope and intercept of the post-transition baseline in the presence of a given concentration of GdnHCl or NaCl. Figure 8c shows normalized thermal melts of the base-denatured protein monitored by the CD ellipticity at 282 nm in the absence of salt and in the presence of $0.2 M GdnHCl, 0.2 M NaCl and 2.0 M NaCl. The normalized thermal curves were analysed by the GibbsHelmholtz equation 10
where,
where, ÁH m is the enthalpy at the transition midpoint, T m , and ÁC p is the change in heat capacity. Values of ÁH m and T m were also obtained from van't Hoff analysis of thermal denaturation data (lnk versus 1/T) assuming that the temperature unfolding of alkali MG has two-state nature (6365). Table II 
Discussion
Several experimental difficulties mainly due to heme autooxidation and extraordinary stability of ferrocyt c have been overcome by working with the CO-liganded ferrocyt c under extremely basic condition (pH 12.612.7). The results presented show that both the sodium and guanidinium ( 0.2 M) cations stabilize the alkali-denatured carbonmonoxycyt c at pH $12.612.7, presumably by a charge screening mechanism. Interestingly, both guanidinium ( 0.2 M) and sodium cations substantially restrict overall motion and stiffen the polypeptide chain in the MG states. The anions-induced MG state of acid-denatured proteins are extensively studied, including the paradigmatic 'ferricyt c' (23, 28, 29, 41, 44, 6669) , and the cations-induced MG state of alkali-denatured carbonmonoxycyt c are expected to share at least qualitatively similar structural and dynamic properties. As reported in our previous paper (19) , the molecular compactness and secondary structure content of the alkali state are qualitatively comparable with those reported for the Tables I and II, respectively. acid MG state of ferricyt c (4, 69). However, certain other properties of the alkali state of ferrocyt c, however, do not concur with the acid state (19) .
Moderately rigid tertiary interactions in the cations-induced MG state of base-denatured carbonmonoxycyt c The absence of the near-UV CD signal for the guanidinium-and sodium cations-induced MG states of the base-denatured carbonmonoxycyt c (Fig. 2e) is tacitly assumed to be an indication of the loss of tertiary structure (1, 4) , however, it need not always be so. The NMR spectra in Fig. 4 suggest that the MG states interrogated here perhaps retained some traces of tertiary interactions. Both sodium and guanidinium cations promoted the growth of some aromatic and aliphatic resonances associated with tertiary interactions. Moderately rigid tertiary interactions, when present, as in the case of sodium cations-induced MG state of alkali-denatured carbonmonoxycyt c and b-lactamase not only contribute to molecular compaction but also results in restricted environmental averaging for the side chains as indicated by the fairly narrow NMR lines (18, 19) . The cooperativity observed for the GdnHCl-induced unfolding transition for the sodium cation-induced MG state of alkali-denatured carbonmonoxycyt c also points to the presence of ordered tertiary structure, since the steepness of denaturant-induced unfolding curves depends strongly on the content of rigid tertiary structure (70, 71) .
Folding and stabilization of the alkali-denatured protein by GdnHCl and NaCl GdnHCl ( 0.2 M) and NaCl refold and stabilize the base-unfolded carbonmonoxycyt c to the MG states (Fig. 2) . We conclude that GdnH þ ( 0.2 M) and Cl À refold and stabilize the base-and acid-denatured states, respectively, to MG states is a general phenomenon. However, the possible mechanism of interaction of GdnH þ with negative protein charge, and of Cl À with the protein positive charges need not be the same. Since the pK a of most carboxyls is !3.0, therefore, on decreasing the pH from 7.0 to 2.0, the protein becomes maximally positively charged (47) . In acid medium (pH 2), where the net charges of ferricyt c is þ24, the Cl À ions can shield the positive protein charges by DebyeHuckel or ionpair or both types of interactions. In basic medium (pH412.5), where the net protein charge of ferricyt c is À17, the GdnH þ ions are more likely to form ionpairs with the anionic sites of the protein. Formation of DebyeHuckel-type spheres will most likely be unfavourable due to large size of the GdnH þ ions; therefore, the GdnH þ ions stabilize the base-denatured protein only by ionpair interactions. On the other hand, due to favourable size of Na þ ions, they can stabilize the base-denatured protein by the formation of DebyeHuckel spheres as well as ionpair interactions. Proteins in which GdnH þ and Cl À ions do not participate in charge-screening type of electrostatic interactions either due to the absence of relevant charge pairs or possibly for steric reasons will not be stabilized by the electrostatic mechanism. Evidence for direct interactions between proteins and GdnH þ comes from a number of studies, including X-ray crystallography (72, 73) and isothermal calorimetry (74) .
The GdnH þ and Cl À ions of GdnHCl are committed to screen the protein charges leading to stabilization in general (28, 7577) . However, GdnHCl can also contribute to the protein stability through the interaction of GdnH þ with different groups of protein (2527). The interactions of the GdnH þ ions with different groups of protein can establish non-specific networks of intramolecular interactions, as observed in crystal structures of ribonuclease A with low concentrations of GdnHCl (72) . These cross-linking interactions may serve to decrease the motional freedom in different parts of the protein, but increase the barriers to motions in the more compact conformers of the protein. Existing X-ray data for proteins have revealed that the B-factor for side-chain and main-chain atoms decrease significantly when GdnH þ or urea bind to proteins (72, 73) . In an earlier study, GdnHCl, urea and NaCl were used to establish that the GdnHCl stabilization originates from both entropic effect due to intramolecular protein cross-linking action of GdnH þ and electrostatic effect due to the interaction of Cl À , and GdnH þ with charged groups of protein (25, 26) . In this perspective, GdnH þ -induced stabilization of the alkali-denatured protein (Fig. 2) would appear to originate from both the electrostatic and entropic effects. The relative contributions of these two effects-electrostatic shielding and conformational entropy to the free energy of stabilization of the MG state-remain to be assessed. Table II . Salt (GdnHCl and NaCl) dependence of the transition temperature, enthalpy, heat capacity and conformational entropy for thermal unfolding (CD 282 nm) of base-denatured ferricyt c a . Both guanidinium and sodium cations constrained overall dynamics of alkali-denatured protein Thermal collisions due to collective motional mode of a subglobal structural unit (i.e. M80-contaning -loop) have been studied across the foldingunfolding transition of the alkaline ferrocyt c. Spatial displacement of thermal fluctuations, and hence collisions between different groups of atoms each exhibiting collective motions is dramatically reduced as the base-denatured protein transforms to the guanidinium-and sodium cations-induced MG states. This deduction is made from the kinetic and thermodynamic parameters measured for the CO association reaction of alkali-denatured ferrocyt c at various GdnHCl and NaCl concentrations. The association of CO with alkali-denatured ferrocyt c is an intramolecular thermally activated reaction that involves substantial energy barrier or steric requirements, and hence many collisions between the CO and protein groups, particularly the heme ring, are required before the reaction ensues. The value of k ass under a given solution condition then depends on the frequency of collisions involving the CO and the heme side chains that exhibit highly collective motions. The rate constant for the CO association reaction, k ass , decreases dramatically as the base-denatured protein undergoes to the MG states in the presence of $0.2 M GdnHCl or $0.2 M NaCl (Fig. 5e) . Consequently, the activation energy for the reaction, E a , also goes up (Table I ). In fact, the E a -values for the GdnH þ -and Na þ -induced MG states did not match to the native state (Table I ). This type of hindered collective motions is not commonly associated with the anion-induced MG state of acid-denatured protein.
From GibbsHelmholtz equation van't Hoff equation Entropyenthalpy compensation
Because of dynamic disorder in the tertiary structure, the anion-induced MG state of acid-denatured protein is known to be highly mobile (78) with low energetic barriers for conformational fluctuations in the millisecond timescale (79) . Absence of non-helical hydrogen bonds due to a high degree of disorder in the side chain of majority of residues has been observed for the anion-induced MG state of ferricyt c (69). In contrast, restricted mobility of aromatic side chains has also been observed for the anion-induced MG state of other proteins (80, 81) . The conclusion that the collective motions involving the side chains of the cation-induced MG state of the alkali-denatured protein are relatively restrained is consistent with the indications of organized tertiary structure discussed above.
Chain stiffness is atypical to dynamic properties of the MG state. Indeed, the polypeptide backbone in the anions-induced MG state of the acid-denatured protein is more mobile with respect to both native and unfolded states (1) . Small but recognizable increase in the amplitude of local backbone fluctuations characterize the transition from the acid-denatured state to the MG state of a-lactalbumin (78) .Values of NMR measured backbone NÀH order parameter, which provides an indication of the rigidity of the protein main chain, decreases significantly in the anions-induced MG state (82) . Molecular dynamics simulations also reveal a significant increase of the fluctuations in the main-chain dihedral angles ' and c (83). A molecular interpretation of the chain stiffness in the cations-induced MG state of alkali-denatured protein is not clear at present.
To sum up, the cations-induced MG state of alkali-denatured protein is distinguished by a substantial level of ordered tertiary interactions, restrained collective motions that cover larger length scales, and a stiff backbone, and it shares with other MGs the general property of being compact and with native-like secondary structure content.
Conformational stability and global m g -value of the anions-andcations-induced MG states ofthe acid-and base-denatured protein, respectively A comparison with the Cl À -induced MG state of acid-denatured ferricyt c analysis presented by Hagihara et al. (28, 29) indicates that the conformational stability and global m g -value of the Cl À -stabilized MG state of acid-denatured ferricyt c (2.04 kcal mol À1 and 1.61 kcal mol À1 M À1 , respectively) is slightly higher than the GdnH The global m g -value of the Na þ -induced MG state of alkali-denatured carbonmonoxycyt c fairly matches with the GdnHCl unfolding of native carbonmonoxycyt c at pH 7 (i.e. m g $ 2.0 and 2.1 kcal mol À1 M À1 for the Na þ -induced MG state of base-denatured carbonmonoxycyt c (pH 12.6) and native carbonmonoxycyt c (pH 7), respectively). This indicates a large amount of solvent exposure of amino acid residues accompanying the unfolding of the Na þ -induced MG state of base-denatured carbonmonoxycyt c. This suggests a significant hydrophobic core rather than patches of exposed and buried hydrophobic surfaces.
The Na þ -induced MG state of alkali-denatured carbonmonoxycyt c state is expected to be sufficiently stable, because it has a native-like secondary structure content, modest dynamics and a compact molecular organization. Numerous non-structural supporting factors can determine the energetic stability of MGs. For example, time-averaged internalization of any uncompensated charge can reduce the stability, since charge burial in the low dielectric protein interior is energetically not preferred. The charge on the heme group of cyt c itself provides an illustrative example. Ferricyt c A state has a mixed spin ferric iron (4), meaning that a fraction of the A-state molecules carries a positive charge, whereas the charge on the persistent low spin ferrous heme is zero due to pairing of all six d-orbital electrons. Thus, the ferricyt c A state is less stable than the ferrocyt c B state. Charge density in relation to protein motions can also play a role. Highfrequency atomic fluctuations at the site of a protein charge can decrease the charge density by distorting the DebyeHuckel ion sphere. This results in weaker interactions of ions with the MG state compared with those with the initial pH-denatured state.
Thermal unfolding of the GdnH þ -and Na þ -induced MG states of base-denatured ferricyt c MGs most often do not exhibit a cooperative thermal unfolding transition (6, 84) . The thermal unfolding transition of the guanidinium-and sodium cations-induced MG states of base-denatured protein reported here are rather cooperative (Fig. 8c) , as reflected clearly by the sizable values of ÁH m listed in Table II . Thus, the cation-promoted stability proceeds with an increase in enthalpy. The thermal stability of Na þ -induced MG state is substantially higher than the GdnH þ -induced MG state of alkali-denatured protein (i.e. midpoint thermal denaturation temperatures, T m $ 296.8 and 294.2 K for base-denatured ferricyt c at 0.2 M NaCl and 0.2 M GdnHCl, respectively).
One more interesting observation is a decrease in ÁS m associated with the folding transition of base-denatured protein by guanidinium and sodium cations (Table II) . Because the conformational entropy of the guanidinium-and sodium cations-induced MG states cannot be higher than that in the base-denatured unfolded state, the observed entropy suppression must arise from the entropy of water. The change in the water entropy has been proposed to originate from the hydrophobic effect (85) , which therefore appears to contribute considerably to forces stabilizing the GdnH þ -and Na þ -induced MG states of basedenatured protein. The MG state is thought to be stabilized by the same forces that are operative in the native state, i.e. hydrophobic and hydrogen bond interactions (29) , and we show a considerable influence of the hydrophobic effect.
Conclusion
We demonstrate that both guanidinium ( 0.2 M) and sodium cations transform the base-denatured carbonmonoxycyt c to MG states by making the electrostatic interactions to the negative charges of the protein.
Comprehensive spectroscopic (CD, fluorescence, FTIR and NMR) studies suggest that the GdnHClor NaCl-induced MG state is a molecular compact state containing native-like secondary structure and a disordered tertiary structure. Strategic experiments involving the measurement of the CO association to the alkaline ferrocyt c (pH 12.6) in the presence of GdnHCl and NaCl indicate that the guanidiniuminduced MG state is more constrained relative to that of the base-denatured and unfolded states but less constrained relative to the sodium-induced MG state. Analyses of thermal (near UV-CD) denaturation curves of the base-denatured protein in the presence of $0.0, 0.2 M GdnHCl and 0.2 M NaCl indicate that the base-denatured protein is indeed stabilized by both sodium and guanidinium cations. However, this cations-induced stabilizing effect is more pronounced for sodium when compared with the guanidinium.
